from the south-western boundary of the unstable sector 2
Introduction
Since the well known eruption of Mt St Helens in 1980 volcanic edifices have been increasingly recognised as inherently unstable constructions prone to structural failure, most notably involving large scale catastrophic flank collapse in ocean island volcanoes such as those of the Hawaiian and Canary chains. Instability is driven by combinations of gravity, magma pressure, lack of buttressing support, presence of an underlying weak substrate to the edifice, increasing pore pressure associated with volcanism, dyke emplacement, tectonic uplift and faulting (Siebert 1984; McGuire, 1996; Merle and Borgia, 1996; Voight and Elsworth, 1997; Tibaldi, 2001; Acocella and Neri, 2003, 2005; Falsaperla et al., 2006; Acocella et al., 2006) . Mount Etna, because it is one of the most intensively monitored and studied volcanoes in the world, offers the promise of developing a better understanding of this instability and the factors that drive it. However, although large scale flank movement on Etna has become increasingly accepted since it was first proposed in 1992 (Borgia et al 1992; Lo Giudice and Rasà, 1992) , basic questions remain, notably on the areal extent, nature, rate and future development of the instability. Our purpose in the present paper is to address these questions using new multidisciplinary data (radon-thoron emission from soil, radar interferometry and geodetic), from the relatively unstudied Ragalna fault system (RFS) that is thought to form the western boundary of Etnean flank instability Rust et al., 2005) .
Geological background
Mount Etna, situated on the eastern coast of Sicily (Figure 1 ), is more than 3300 m high, about 38-45 km in diameter, and has arisen rapidly from a succession of overlapping central vents in approximately the last 200 Ka (Romano, 1982; Calvari et al., 1994; Coltelli et al., 1994; Corsaro et al., 2002; Branca et al., 2004 ; and references therein), after an earlier (commencing ~500 ka) phase of fissure style volcanism (Romano, 1982) . The northern and western parts of the volcano overlie and are buttressed against a preexisting topography developed in metamorphic and sedimentary rocks within a southward verging system of thrusted nappes, the Apennine-Maghrebian Chain, at the southern margin of the Eurasian plate. By contrast, the southern and eastern flanks of the edifice overlie marine early Quaternary plastic clays that accumulated in the foredeep created on the tectonically depressed northern margin of the northward-dipping downgoing African plate (Lentini, 1982) . This tectonic regime imposes overall north-south compression to the Etnean region (Lanzafame et al., 1997a) , and field relationships between the Apennine-Maghrebian Chain rocks and sub Etnean clays indicate that thrusting continued until at least midPleistocene times (Lanzafame et al., 1997b) . Active regional uplift is indicated by outcrops of the early Quaternary marine clays that occur up to several hundred metres above sea level (asl) on the volcano flanks, and by Holocene reefs that are being uplifted at a rate of about 2 mm a -1 along the Etnean coast (Firth et al., 1996; Rust and Kershaw, 2000) . This compressional framework is transected by a number of seismogenic structures of regional tectonic importance. Of these the largest is the Malta Escarpment, a structure that strikes NNW-SSE and defines the eastern and southeastern edge of the Sicilian continental shelf, marking the boundary with the oceanic-affinity crust of the Ionian Sea to the east. Dip-slip displacement on the Malta Escarpment amounts to some 3 km (Hirn et al., 1997) , and where it intersects the coast of Sicily on the eastern side of Mount Etna it is represented by a series of active faults (the Timpe fault system; Figure 1 ) with scarps up to 200 m and fault planes displaying both dip-slip and right-oblique-slip kinematic indicators (Lanzafame et al., 1996; Monaco et al., 1997; Corsaro et al., 2002) .
Edifice instability
Since the early 1990s numerous studies have proposed large scale sliding of the eastern and southern sectors of the volcano (Neri et al., 1991; Borgia et al., 1992; Lo Giudice and Rasà 1992; Rust and Neri, 1996; Garduño et al., 1997; Borgia et al. 2000a, b; Froger et al., 2001; Neri et al., 2004) , and recently of the western flank too (Lundgren et al., 2004) . The base level of the sliding sector has been inferred to lie at 1-2 km asl (Bousquet and Lanzafame, 2001 ), at 0-1 km asl (Lo Giudice and Rasà, 1992) , at ~6 km below sea level (bsl) (Borgia et al., 1992) and at both shallow and deep levels (Tibaldi and Groppelli, 2002; Rust et al., 2005) . These studies coincide in placing the northern boundary of instability at the E-W trending PFS (Figure 1 ; Acocella and Neri, 2005) . There has been, however, less agreement on the southern and western boundaries, with different authors emphasizing the role and importance of the NW-SE trending Mascalucia -Trecastagni fault system (MTFS in Figure 1 ; Lo Giudice and Rasà 1992; Froger et al., 2001; Azzaro, 2004) and the N-S trending RFS (Figure 1 ; Rust and Neri, 1996; Lundgren and Rose, 2003; Lundgren et al., 2004) . More recent proposals emphasize the complexity of the unstable sector, suggesting it is divided into three main blocks characterized by different movement rates and directions separated by the RFS, the MTFS and the S.Venerina fault system (SV in Figure 1 ; Burton et al., 2004; Neri et al., 2004) , and that the instability operates at different scales and time frames and is nested both with depth and in map view (Rust et al., 2005) . Such models are well supported by numerous studies that, using different methods, identify instability of a wide sector on the eastern, southern (Borgia et al., 2000b; Froger et al., 2001; Bonforte and Puglisi, 2003; Puglisi and Bonforte, 2004) and western (Lundgren et al., 2004) flanks of the volcano.
Ragalna fault system
Three distinct fault segments are clearly visible near Ragalna, one N-S striking and 4.5 km long, and two shorter segments striking SW-NE but several kilometres apart and with opposing senses of downthrow (Figures 1 and 2A) . The relationship between these segments is unclear and, in the field there is no apparent continuity either upslope towards the summit area of the volcano or downslope towards the base of the edifice (Figure 1 ). By comparison, the PFS is recognised as the northern margin of instability with some 20 km of faulting continuity ) and a clear linkage to the volcano summit via the NE Rift (Neri et al, 1991; Acocella and Neri, 2005; Neri et al., 2005; Walter et al., 2005) . In 1996 Rust and Neri proposed that the Ragalna fault segments formed a continuous structure via a transfer zone occupied by series of recently active cinder cones, and should be regarded as a fault system comparable to the PFS. Moreover, fresh appearing fault scarps up to 20 m high, offsets of very late Pleistocene and Holocene volcanic sequences (Figure 2A ), deflected stream courses and disrupted cultural features at fault crossings, as well as an en echelon series of open fractures led them to suggest the RFS was an active right oblique structure with a minimum long-term dip-slip component of about 1.4 mm a -1 . Also noted were the consistent left-stepping arrangement of the axes of an en echelon series of late Pleistocene -early Holocene lava domes, mapped by Romano (1979) and Rasà et al. (1982) , and their close spatial association with the faulting (Figure 2A) . This relationship suggested a relatively long-standing role in accommodating right-lateral displacement in this part of the volcano; consistent with the subsurface expression of the faulting on their reconstruction of the sub-Etnean surface . These lines of evidence, together with seismicity patterns (see also Rust et al., 2005 for more detail on this aspect), led them to suggest that the RFS should be regarded as the main western boundary of active flank instability on Etna. However a number of important questions remain and the present paper seeks to address these. First, the possibility of a continuation from the distinctive delta shaped upslope termination of the surface faulting, where the junction of two fault segments creates a triangular horst (Figure 2A ). Identifying the RFS as forming a boundary to flank instability implies that there must be continuity upslope to the summit area, ultimately linking with the NE Rift and the PFS to complete the boundary between stable and unstable parts of the edifice. A second specific question to be addressed by the present study is the possible downslope continuity of the RFS. The surface expression of the faulting indicates gradually diminishing offset as it apparently ends at a small and relatively degraded cinder cone on the lower flank of the volcano . However, the RFS probably forms the boundary to a relatively deep (~5 km) detachment surface that daylights beyond the edifice (Borgia et al, 1992; Rust and Neri, 1996; Borgia et al, 2000b; Rust et al, 2005) and this implies that the faulting, although possibly obscured by agricultural activity and with limited offset as the termination of an essentially rotational instability is approached, must extend farther south. A further specific question concerns the structural arrangement in the transfer zone occupied by the cinder cones and, more generally, the present work seeks to better document the activity level, nature and geodynamic role of the RFS. 222 Rn is a short-lived decay product derived from 238 U, a ubiquitous element in volcanic rocks. Radon is a noble gas, chemically inert and one of the most dense gases known. It also has a short half-life of 3.8 days. Together, these characteristics intrinsically limit its diffusivity, with studies indicating limits of approximately 2 m in soils and 2 mm in waters (Dubois et al., 1995; Conner et al., 1996) , and with a diffusion coefficient of only 0.12 cm 2 s -1 (Tanner, 1964) . As a result, superficial anomalies in radon emissions rely on the convective flow of gases that facilitate the transport of radon from greater depth within soils and radon emissions can be used as dynamic tracers for soil degassing (Shapiro et al., 1982; Toutain et al., 1992; Heinicke et al., 1992; Toutain and Baubron, 1999) . Active faults are likely to have a higher permeability than surrounding structures and therefore, in combination with degassing of CO 2 from depth, near-surface faults are likely to be locations of high soil degassing and therefore elevated radon concentrations (Abdoh and Pilkington, 1989; Ciotoli et al., 1999; Baubron et al., 2002; Tansi et al., 2005) . In volcanic areas deep emanations of CO 2 from magma can produce strong degassing through soils at the surface . These facts have led to radon surveys being carried out on several volcanoes in order to determine the location and activity of near-surface faults (Crenshaw et al., 1982; Aubert and Baubron, 1988; Baubron et al., 1990 Baubron et al., , 1991 Burton et al., 2004; Alparone et al., 2005) . We used the Durridge RAD7 instrument to measure radon concentrations in soils ( Figure  3A ). This instrument uses a pump with a 1 litre minute -1 flow rate to extract soil gases into an internal accumulation chamber where electrostatic collection of alpha-emitters and spectral analysis takes place that precisely measures the energy of every particle detected. Alpha emissions with an energy of 6.002 MeV, for example, are attributable to decay of the 218 Po daughter product and allow 222 Rn activity to be recorded rapidly in units of Bq m -3 . The instrument also measures alpha emission from the 216 Po daughter (half-life 150 ms), produced by 220 Rn decay. This radon isotope, known as thoron, has a half life of 56 s and is produced within a decay chain starting from 232 Th.
Methodology

Radon and thoron measurements
Radar interferometry: SAR image selection and InSAR processing
In order to analyze the Ragalna structures, radar images taken over Mt. Etna by the ERS-1 and ERS-2 satellite were selected, processed and analyzed. All the images used for this study are shown in Table 1 . The choice of suitable pairs was based on two criteria: firstly, to obtain pairs that had the minimum perpendicular baseline component available (to minimize geometrical decorrelation) and, second, to obtain orbit pairs with different time windows and epochs in order to provide good coverage of the time span [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] . The data set is composed of ascending (frame 747; 23:16 local time) orbit data and were processed to zero compensated Doppler, slant range projection, phase-preserved single look complex image (SLC) images. The procedure used for the generation of interferometric outputs relevant to the selected image pairs was the so called "two pass interferometry" (Massonnet and Feigl, 1998) . This method requires two SAR images to generate a real phase interferogram that is correlated with topography and changes in topography. To analyze topographic displacements, the topography-dependant part of the interferogram is eliminated using an independent DEM. The height values are then converted into synthetic phase-values before the phase-values of the real and synthetic interferogram are subtracted from each other. In this way residual phase-values are obtained, resulting in a differential interferogram that is uniquely correlated to variations in topography. To co-register the two images and calculate the interferometric geometry we used the precise orbits of the ERS satellites produced at the Delft Institute for Earth Oriented Space Research (DEOS). The interferogram was projected onto an orthogonal geographic coordinate system so that users avoid working in the distorted radar geometry. Since the phase difference of the image pair corresponds to the change in the round-trip path length of radar waves to ground targets, an interferogram is similar to a contour map of the change in distance to the ground surface along the Line of the Sight (LOS) of the satellite. Each contour line, or fringe, represents 28 mm, i.e. half the wavelength of the ERS radar.
Geodetic measurements
In March 1999 six geodetic stations were established in a tight network spanning about 350 m of the south central part of the N-S-striking fault segment within the RFS. The stations were reoccupied using the same equipment (factory recalibrated), and the same procedures, in November 2005. Three of the original six stations had been lost through human disturbance since the original survey but, fortunately, the remaining stations span the fault and provide two lines suitably orientated to assess dip-slip and strike-slip components of movement (Table 2 and Figure 2B ). Each station consisted of a steel survey nail driven into bedrock lava outcrops or, in two cases, into concrete foundations. Distances between stations were measured using a Sokkia SET3C Electronic Total Station instrument (Serial number 106926) equipped with a digital readout precise to 1 mm. The SET3C EDM (electronic distance measurement) instrument uses an infrared light beam to rapidly calculate the distance to a reflecting prism. The instrument was mounted on a Sokkia EDM tripod using an adjustable base plate that allowed accurate levelling and centring vertically above each survey nail using built-in bubble levels and an optical plumb. Indexing was also done to ensure accurate measurement of angles (readout precise to 1 second of arc), with the instrument automatically providing horizontal distances converted from measured angular distances ( Figure 3B ). A duplicate tripod and base plate combination was used for the EDM reflector, a Sokkisha single prism type with a similar plumb, positioned at the next station in the network. To eliminate any errors in set up all measurements were repeated after rotating the instrument 180 o about both vertical and horizontal axes.
Results
Radon and thoron fluxes
We have carried out measurements over a wide area on Mount Etna since 1998 and these have shown strong radon emissions from active faults, with radon activities reaching ~10,000-26,000 Bq m -3 (Burton et al., 2004) . Other measurements were carried out close to the Etna summit craters, where radon emissions were negligible, apart from the Torre del Filosofo area at 2920 m where up to 15,000 Bq m -3 of radon was observed (Alparone et al., 2005) . Measurements in non-active areas produced very low radon activities of ~300 Bq m -3 . Field survey of the RFS was concentrated in the 5-8 July 2005 period and sampling of some reference points was repeated regularly in order to maintain quality control of the measurements. This control demonstrated a variability of less than 20% (average ~9%) over the survey period. Forty six radon measurements were obtained from five transects distributed both in the well known N-S-striking central segment of the RFS (profile C-C') and in the areas where the presence of the fault is only suspected (profiles A-A', B-B', D-D' and E-E', see Figure 4 for locations). As far as possible the profiles were run in a direction orthogonal to the faults, with one measurement every 100-200 metres. In the northern area, where Rust and Neri (1996) Figure 4 ). However, although there is a marked and coincident peak in both radon and thoron, the pattern also includes ascending values at the western end of the profile. Here the profile reaches the margin of the S. Maria di Licodia community, where urbanisation hampers locating suitable open ground to extend the transect and further investigate the apparent radon anomaly beneath the town.
Radar interferometry
The interferograms used in this study cover the time interval from 21 November 1993 to 9 October 2002 (Figure 8 ). This interval is divided into four partially overlapping periods in order to determine the distribution, timing and nature of movement on the RFS. In this interval volcanic activity was characterized by: i. quiet degassing from the summit vents (until mid-1995) ; ii. progressively more intense and frequent reactivation of the four summit craters (from mid-1995 to mid-2001; Harris and Neri, 2002; Calvari et al, 2003; Behncke et al., 2003; shows a clear N-S aligned discontinuity corresponding to the central segment of the RFS (yellow line C) and resulting from a visible relative shift up to ~3/4 fringe. A northern continuation of this discontinuity is also clearly visible (broken pink line NC), marking the possible existence of a northern prosecution of the central fault, as previously suggested by Lundgren et al., 2004 . The proposed continuation of the NE-SW-striking northern segment of RFS (broken white line NE), which connects the fault system with the summit area, is slightly less evident in this interferogram compared to the N-S fault; seeming to disappear close to the top of the volcano (~2,800 m asl), where the poor coherence (e.g., due to the seasonally intermittent snow cover) of the interferogram limits our analysis. Movement on the known southern segment (yellow line S in Figure 6A ) of the RFS is also clearly visible, together with the presumed connection (broken white line SW) between the central and southern segments of the RFS. In the short period represented in frame "B" of Figure 6 (28 May 1997 -13 May 1998) the main feature highlighted by the interferogram is movement along the central segment (C) of the RFS (a relative shift of ~1/4 fringe is visible), together with the northward continuation (NC). By contrast, no clear evidence of movement is deducible on the NE-SW segments of the RFS, either in the north (NE) or south (SW). 
Geodetic data
The EDM geodetic results, presented in Table 2 , show clear evidence for dextral transtensive movement on the central segment of the RFS between March 1999 and November 2005. All measurements are internallyconsistent, both in amount and direction, and repeat measurements agree to within no more than 3 mm over a distance of some 250 m. Over the 6.5 year re-measurement time interval the distance between Station 1 (on the west side of the fault) and Station 3 (on the east side) increased by 23-25 mm and between Station 1 and Station 4 (on the east side of the fault) the distance decreased by 25-30 mm ( Figure 2 and Table 2) . These distances were then corrected, using trigonometry, to compensate for the 20 o angular difference between the survey lines and the strike of the fault; thus giving a more accurate measure of movement parallel and normal to the fault . This correction indicates an increase of 24-27 mm normal to the fault over the time period and, bringing Station 1 and Station 4 closer together, 27-32 mm reduction in distance parallel to the fault. This correction, used in order to obtain the most useful data from the remaining geodetic stations, thus amounts to a maximum of 2 mm; very small in comparison to the total amount of movement recorded. Kinematic indicators such as slickenlines are not preserved to help determine fault slip but trigonometry can be used to show that the 27 -32 mm shortening parallel to the fault between Station 1 and Station 4, which we adopt as a measure of strike-slip displacement, is inadequate alone to account for the increase in distance between Station 1 and Station 3 normal to the fault. This increased distance therefore must include extension (dip-slip displacement) at the fault. Furthermore, this extension can be assumed to affect both Station 3 and Station 4 since they are on the same side of the fault ( Figure 2B ). Importantly, this relative eastward movement acts to increase the Station 1 -Station 4 distance, thus offsetting the measured shortening. Consequently, the strike-slip component of movement derived from the reduction in fault-parallel distance must be regarded as a minimum value only. At the same time, because some of the fault-normal increase is produced by strike-slip movement, this measurement represents a maximum value for extension (dip-slip component of movement). Accordingly, in terms of slip-rates and regardless of whether the angular correction is adopted or not, the distance changes indicate an average minimum rate for right-lateral movement of 4.0 -5.0 mm a -1 and, for extensional (dip-slip) movement, an average maximum rate of 3.5 -4.0 mm a -1 (Table 2) . These are the values used in the discussion that follows.
Discussion
In general the differing techniques appear to complement and strengthen each other and provide a consistent set of results that give new insights on the extent, behaviour and role of the RFS. Measurements of radon and thoron are effective in outlining areas of anomalously high gas flux in the Etnean context and, by comparing transects across known and suspected but obscured faults, the proposition that active near-surface faults act as pathways for these short-lived isotopes seems valid. Thoron, with its very short half life and consequent limited diffusion range, seems particularly useful in pinpointing faults in reasonable detail. Although SAR interferometry also aids location of obscure faults its chief value lies in identifying and quantifying fault movements in space and time. However, interferograms fail to identify tectonic structures during those time intervals when there is no movement and therefore, for a study such as ours, need to be combined with field data. InSAR imagery, furthermore, shows only the sum of deformation effects in a certain part of the Earth's surface for a certain time interval. It is thus possible that the direction and amount of movement identified along structures is the result of different deformation factors impossible to distinguish from each other, such as volcano inflation/deflation cycles. Geodetic measurements, employ a well established technique in comparison to the other two approaches we use, and are valuable in providing tangible field evidence of movement on clearly defined structures. As described above, our results also allow us to suggest values for the rate of dip-slip movement, as well as documenting the sense and rate of the strike-slip component. Moreover, the ground-based measurements supplement and complement InSAR data because our geodetic measurements document movement on and very close to the fault itself, whereas the satellite data encompasses total deformation over a broad area. Below we discuss in turn the three main uncertain aspects of the RFS identified at the start of this paper and, with similar reference to the stated aims of our study, the wider role of the RFS in Etnean flank instability.
The northern RFS
InSAR images show that the northward extension of the central segment of the RFS beyond its surface termination (NC in Figures 6 and 7) is clear in the long period interferograms (A,C and D) and progressively diminishes northwards. It averages a little less than 7 mm a -1 in the line of sight of the satellite (LOS) until disappearing close to the summit craters. This northwards disappearance of the signal may be due to diminution of movement along the fault, but it is more likely that it results from incoherent signals in proximity to the summit craters due mainly to the discontinuous presence of snow cover and typical layover and shadow geometric errors. The lack of radon anomalies along this N-S fault extension could be due to an insufficient westward extent of the two profiles made in that area; these being limited by rough terrain made up of very coarse-grained recent scoriaceous lavas. In such settings the RAD7 instrument does not effectively record radon values because the percentage of cavities in the regolith (>0.5 dm 3 ) is too high, resulting in the instrument measuring essentially atmospheric conditions at the shallow depth of 50 cm sampled by the probe. The continuation of the RFS towards the summit craters is clearly visible in radon profiles A-A' and B-B' (Figure 4) . The radon anomaly extends in a NE-SW sense with a width of about 500-700 m, leaving little doubt about the effective continuation of this fault towards the NE, beyond the morphologically visible segment that terminates at about 1200 m elevation (Figure 4 ). In the same zone, the connection between the RFS and the summit area through a NE-SW fault is only visible on interferogram D, where the movement is ~14 mm a -1 in LOS (NE in Figure 10 ). However, this may result from the combination of different types of deformation, including the general inflation of the volcano (Lundgren et al., 2003, Bonforte and Puglisi and Bonforte, 2004) and the faulting associated with the opening of the 2001 eruptive fissure . The fact that no movement along this portion of the fault system is visible in other interferograms may result from either, the objective difficulty in analyzing a zone close to the summit area or, from the absence of significant movement in the preceding time interval (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) . On the other hand, the dynamics of the south-eastern sector of Etna affected by spreading shows an increasing deformation trend only from 2001 onwards Rust et al., 2005; Walter et al., 2005; Allard et al., 2006) , which seems to support the second possibility.
The central RFS
In the central portion of the RFS, where the fault is marked by a prominent scarp up to 10 m high, the ground-based EDM measurements document right-lateral transtensive displacement since 1999 at rates of at least 4 -5 mm a -1 for the strike-slip component and a maximum of 3.5 -4 mm a -1 for the extensional component. But the two remeasured EDM lines are insufficient to directly determine the exact vector of fault movement. However, the InSAR data in the longer time-period interferograms (A, C and D) show movement on this segment of the RFS of between ½ and ¾ fringe. Allowing for a typical error of ~¼ fringe, these InSAR values average 4.7±1.8 mm a -1 in LOS (Figures 6 and  7) .The LOS unit look vector is defined by "ViewEast", "ViewNorth", "ViewVert", which are, respectively for the Ragalna area: 0.360, 0.078, -0.929. To calculate the LOS displacement we use the following:
where ∆ x, ∆ y, ∆ z are the 3D components of the displacement.
In the field the fault scarp is nearly vertical, so we can assume that the extension measured by EDM is due mainly to the dip-slip component of displacement. Consequently, assuming a ∆ z component of -3.7 mm a -1 (corresponding to ~90% of the E-W extension measured by EDM), we recalculate the east-west and north-south components of movement on the fault, obtaining the following values: This value is within the range of error of the InSAR data and it confirms a dextral transtensive movement affecting the structure. In this part of the RFS the profiles for radon ( 222 Rn) and thoron ( 220 Rn) correspond well with each other, although with thoron displaying a greater amplitude between peaks and troughs (Profile C-C' in Figure 4 ). Both profiles show peaks at the fault scarp itself but, interestingly, there are secondary peaks to the east and west that do not correspond to any mapped surface fault trace. Fractures can be seen at the ground surface in this area and it may be that shear is more distributed here. Farther south the linkage between the central and southern segments of the RFS (broken white line between C and S in Figures 6 and 7) is evident in all interferograms. In this area, high thoron values ( 220 Rn up to 51,300 Bq m -3 ) indicate the probable position of the main fault (profile D-D' in Figure 4) . In contrast, radon shows the highest values laterally, and in a nearly symmetrical position with respect to the assumed fault plane. This might be due to the structural complexity of the transfer zone between the two segments of the fault system (from N-S to NE-SW), and perhaps reflects a northward continuation of the NE-SW-striking fault segment.
The southern RFS
The SW segment of the RFS (SW in Figures 6 and 7) is visible in the two longer period interferograms (A and C). The calculated movement is 3.5 mm a -1 in LOS, lower than the previously described segments. However, this area falls on the margin of the InSAR imagery coverage, and the discrepancy could reflect reduced accuracy in measurements of movement.
The radon values in this area are among the highest measured along the RFS. Significant peaks in radon and thoron are evident in the central part of profile E-E' (Figure 4) , corresponding to the hypothetical south-westward continuation of the fault, and with the movement recognized in interferograms A and C. However, the strong increase in radon at the western end of this profile (where the S. Maria di Licodia urban cover begins ) cannot be easily interpreted. Such high values ( 222 Rn up to 18,750Bq m -3 and 220 Rn up to 61,600 Bq m -3 ) stand out in comparison with the local background values and point to the possible existence of another active fault, possibly parallel to the known fault (NE-SW), but which cannot be mapped due to insufficient available data (see question mark in Figure 8 ). Such a fault, possibly inactive during the period of InSAR coverage, may also help in accounting for the disparity in slip rates identified at the beginning of this section.
The RFS and Etnean edifice instability
The multidisciplinary approach adopted in our study has greatly expanded available data on the geometry, continuity and displacement of the RFS. Foremost, is the evident connection between the various faults, striking NE-SW and N-S, that make up the RFS. The physical continuity at the surface is evident only at one point (at 1200 m elevation), where two faults form an acute angular junction (Figure 1 ). Other connections are unrecognizable at the surface, either through fault scarps or ground fracturing. However, both the InSAR imagery and the radon measurements shed light on connections between segments of the fault system, as well as confirming a northward continuation of the N-S central fault segment (recently highlighted by Lundgren et al., 2004 ) that extends onto the western flank of the volcano to at least 1650 m elevation, and a NE-SW-striking continuation towards the summit area of the volcano (broken white line in Figures 4, 6 and 7). This newly discovered complex geometry of the RFS and the evident inter-relationships of movement between the single faults that constitute the system highlight the significance of the RFS in the geodynamic context of Mount Etna. This important fault system, which extends from the summit area to the SW margin of the volcano, has a total length exceeding 14 km.
During the period of analysis, the flanks of Etna were affected by inflation/deflation movements , and these could play a role in the RFS deformation. In detail, after the 1991-1993 eruption, edifice deflation occurred (Massonnet et al., 1995; Bonaccorso et al., 2004) . In 1994, rapid inflation began and, since 1996, a gradual increase in flank instability has taken place, with displacement of the eastern and southeastern flanks (Froger et al., 2001) . These events could indicate new magma supply to a central magma chamber beneath the Etnean summit at about 5 km bsl, triggering flank spreading (Lundgren et al., , 2004 . This process culminated in an acceleration of flank movements accompanying the 2001, 2002-2003 and 2004-2005 flank eruptions, with spreading affecting mainly the eastern and southern flanks of the volcano (Allard et al., 2006 and reference therein). Lundgren et al. (2004) and Lundgren and Rosen (2004) also detected spreading on the W flank, previously considered stable, through their analysis of InSar images. Their interpretation is not confirmed by faults clearly visible in the field and no evidence of linked deformation (such as compression at the base of the supposed west spreading sector) were detected. If spreading does affect the western flank, it is likely to be very minor and short lived, probably triggered by dyke injection, in contrast to the general spreading affecting the eastern and southern flanks of Etna, as Lundgren and Rosen (2004) suggest. Therefore, considering all the available data, we observe that the geometry and rates of movement of the RFS are consistent with its role as the western boundary of the very large unstable sector of the volcano (Figure 8 ; see also Rust and Neri, 1996; Froger et al., 2001; Rust et al., 2005; Allard et al., 2006) . This interpretation is also consistent with the analogue experiments conducted by Merle and Borgia in 1996 . Additionally, our study confirms the much lower rates of movement on this boundary compared to the northern margin of the unstable sector, represented by the PFS (Figure  1) . In recent years, in fact, the PFS has shown extremely high deformation rates ( 1 ->100 cm a -1 ; Acocella and Neri, 2005) . Such variation reinforces proposals that Etnean flank instability is characterised by a complex pattern of behaviour involving structures such as the S. Venerina faults and the Mascalucia-Trecastagni fault system (Figure 1 ) that subdivide the unstable sector into at least three subsectors in map view (Figure 8 , right panel. Neri et al., 2004 Neri et al., , 2005 Neri and Acocella, 2006) , while associated basal detachments create a movement complex that is also nested in section (Rust et al., 2005) . Consequently, although the Pernicana and Ragalna systems can be ultimately linked in defining the extent of flank instability on Etna, the structural complexities of the intervening unstable sector greatly influence interactions between the two bounding systems. The high deformation rates on the PFS, for example, appear to be dissipated amongst these structures, with deformation on the RFS occurring at lower rates and possibly activating after a lag in time Neri et al., 2004; 2005; Rust et al., 2005) . Such complex interactions can be proposed with some confidence on Etna because of the very large body of research work that now exists for this volcano. This behaviour may also serve as a model for other, less well studied, volcanoes.
Conclusions
Our multi-pronged approach to a better understanding of the extent, activity level and geodynamic role of the Ragalna fault system (RFS) demonstrates, incidentally, a valuable synergy between the three techniques employed. The techniques strengthen and complement each other, together producing a consistent body of data and illustrating the usefulness and applicability of the approach in studying other partially obscured but active fault systems, particularly in volcanic settings. In terms of the specified aims of our work the following conclusions can be highlighted. The RFS is revealed as a complex interlinked structure with continuity over a distance exceeding 14 km, most notably including extensions northwards (recently proposed by Lundgren et al., 2004 ) from the conspicuous delta-shaped junction that marks the end of visible faulting, and north-eastwards, towards the summit craters of Mt Etna. Linkage is confirmed in a previously proposed transfer zone between two segments of the RFS separated at the surface by some 2 km. In a downslope direction continuity of the RFS is suggested as far as the transition between Etnean volcanic products and the surrounding non-volcanic bedrock. Deformation rates during the analysis period on the RFS derived from InSAR reach a maximum of a little less than 7 mm a-1 in LOS on the upslope segment and about 5 mm a -1 in LOS on the central. Combining this one-dimensional value with our EDM measurements confirms the central segment of the RFS as a dextral transtensive structure, with strike-slip and dip-slip components of ~3.4 and ~3.7 mm a -1 respectively. The longest visible fault segment in the RFS, N-S-striking, is shown to move most constantly, while the other segments have more variable movement histories and rates. This complex deformation pattern could be due to the superimposition of inflation/deflation movements induced by the dynamics a sub-volcanic reservoir, and flank instability phenomena which affect the eastern to southern Etna flanks. Our multidisciplinary study reinforces proposals that the RFS is the western boundary of long term flank instability on Mt Etna and probably, via rifting in the summit craters area, links across to the Pernicana fault system that forms the northern boundary, thus encircling the unstable flank sector (Figure 8 ). A comparison of activity for these two fault systems suggests that the unstable sector is divided into at least three sub-sectors by intervening faults, while, in section, basal detachments associated with faults also form a nested pattern. Complex movement interactions in space and time are expected to take place between these structural components of the unstable sector.
Figure captions
Figure 1 -Simplified geological map of Mt Etna showing the main structural features, including the three principal rift zones (NE, S and W) on the volcano and highlighting the unstable eastern and southern flanks as known before this study. The southern and eastern fronts of the spreading are evident from deformation of sediments on the southern margin of Etna and inferred from bathymetric data in the Ionian offshore (Borgia et al., 1992 (Borgia et al., , 2000a . RFS = Ragalna fault system, MTFS = Mascalucia-Trecastagni fault system, PFS = Pernicana fault system, TFS = Timpe fault system, VB = Valle del Bove. Inset map: AI = Aeolian Islands, HP = Hyblean Plateau, ME = Malta Escarpment, MF = Messina fault system, ST = Sole thrust of the Appenine-Maghrebian Chain (rocks within the Chain are shown as Pre-Quaternary sedimentary rocks on the main map). . Other symbols as in Figures 1 and 6 . See text for details. Table 2 -EDM geodetic data for the N-S-striking central fault segment of the RFS (see Figure 2 for location) over a 6.5-year interval. Measurements were made using a Sokkia SET3C Electronic Total Station that outputs measurements digitally in fractions of a metre. Other distances are rounded to the nearest millimetre and rates to the nearest half millimetre. *All measurements were repeated using the standard protocol of rotating the instrument on its tripod mount 180 o about both horizontal and vertical axes between measurements.
+ Corrections were made, using trigonometry, to allow for the 20 o angular difference between the geodetic lines and the strike of the fault; providing more accurate measurements for extensional (Station 1 -Station 3) and right-lateral strike-slip (Station 1 -Station 4) components of movement. See text for discussion. Table 2 Figure 1 
